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1. INTRODUCTION 

I shall try to review the recent experimental results obtained at the 

CERN-ISR. For the sake of completeness I shallalsp recall some of the main . 

results obtained earlier. 

Ihe ISR started operating for physics three years ago; thus the pre- 

sent experimental layout involves what may be called second generation experi- 

ments . It my be of interest to analyze briefly the changes which occurred 

In the experimental program. 

Figure 1.1 illustrates the experiments at the CEIL-ISR in 19%. obese 

first generation experiments concerned the measurement of the proton-proton 

total cross section, of the elastic differential cross section, of the lnclu- 

sive production of T, 6, kf, pf and of neutrons, of the search for "exotic" 

objects, l&e quarks and Intermediate vector mesons. The study of inclusive 

reactions was the most popular subject of research at that time. 
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Fig. 1.1. Layout of the experiments at the LSR in early 1972. 



The layout of 1974, shawn in Fig. 1.2, i”d+teS that the FP3??.tly 

most popular subject of research concerns the study of correlations in inclu- 

sive +eactions of various types. In addition there still are exfxriments of 

the type studied already in 1972. ~ 
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Fig. 1.2. Layout of the experiments at the ISR in Febraa'y 1974. 

From the technical point of view the experiments have become someiihat 

more complicated; in some intersecting regions a number of counters or pro- 

portional chambers were added to existing single arm spectrometers (see experi- 

ants IQ05 and F206), in others a magnetic spectrometer was added (R601, Rl05) 

and in others altogether new detectors are present (R40lf R412, R701). Among 

the new detectors, one has to mention (i) the caning into operation of the 

split field magnet facility in intersection region 14 with its 70,000 wires 

of proportionai chznbers; (ii) the streaner chambers in 17, vhich mzy prot- 

ably he considered as a kinds of "bubble chamber for the ISR." 



The nmber sf 5xperirents r.nzir.& at ~.ny c-e ti::- has rezi"e;l psjcn- 

tially constant, averaging about 10. 

The performance of the ISR has beer. improving steadily. Recently 2 

peak luminosity of lo31 cmT2 set-' was achieved, with 22A in esch ring. In SOTne r'L.5 

beam losses were about J x 10 -6 mi"-l , which is not too far away from what is 

to be expected from losses due to pp collisions in the intersectisg regions. 

For a comparison, one may recall that in 1972 average luminosities were 3-6 

times smaller. Table 1.1 gives a list of some parawters of the CEIL-ISR. 

Some Parameters of the CERN-JSR and Present Operation for Fhysics 

Beam momenta 11 - 31 Cd/c, Ap/p 12% 

Crossing angle 15” 

Ream lifetime 1 12 w 1 month 
- 2 days 

Average prcssurc r 10-10 torr 

Pressure in intersections : 10-11 torr 

Design luminosity 4 x 1030 cnl-2 s-1 

'M.n;M.n;,';; beam { ;z-i;ri;a - 3-5 cm 
- 0.5 cm 

Present 
Beam c .m. Equivalent ~Average 

Momenta lhergy 6 = ta Lab. Momentum I&ninosities 

Gd/C GW GE-v2 GN/C 1030 cm-2 s-1 

11.8/ll.8 23.4 548 391 1 

15.3/15.3 30.4 921 491 2 

22.4/22.4 44.4 1971 1053 4 

26.5/26.5 52.6 2767 1474 4 

31.4/31.4 G.3 3=1 2062 0.5 

Table i.2 gives a iist of GE experimcl:ts at the ISR. 
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have to be perfonred to zerc) solid angle (?!Xperiment R&X, References 

73-3, 73-19 1. The equipment to measure N consisted of an almost 4~ 

detector of scintillation counters and tine method is reminiscent of the 

standard transmission method at conventional accelerators. The lumin- 

osity had to be measured separately, with the Van der Meer method of dis- 

placing the two beams vertically. 

By measuring the elastic scattering differential cross section in the 

diffraction region [O.Ol< It.1 < O.X?(G~V/C)~], extrapolating to t = 0 

and using the optical theorem: 

2 l~b/dt),=, 16dcW/dt)t=o 
%t = 1+p2 = (l+p2)L 

(2.2) 

where ,, = [Re F(s, t = O)/Im F(s, t = O)] may be neglected (601, 73-2). 

iii) By measuring the elastic scattering differential cross section in the 
2 

Coulomb-Nuclear interference region (0.001 < It.1 < 0.01 (&V/c) 1, and ' 

again using the optical theorem. This method was used at the two lowest 

ISR energies (R601, 73-l). 

iv) By simultaneously measuring the total collision rate (nethod i)) and 

the elastic scattering differential cross section in the diffraction 

region (method ii)) one has, dividing (2.2) by (2.1): 
,.' _~.. 

~+ddJ@t),=, 
uttot = N(1 + p2) 

(2.3) 

In this case the measurement of ottot does not depend on the luminosity 

of the ISR, thus removing one of the largest uncertaifities on the cross 

section measurement. .~. 

Results are available from the first three methods. Measurements 

according to .t.he fourth method are being performed now; their preliminary re- 

sults confirm the previous measurements. 



Figure 2.1 gives z s,xz:-.ar) r?f :he ?rcx"t ?.?c;;I-jg" z-, 7b.q cy.2--l; --.;'- 

pendence of the total cross se,ctions 3f 71', kC, 5 aid p on protons. 'rlith 

the exception of pp, all total crass sec?ions rise with increasing energy. 

'D-e k+p total cross section rises already at Serpukhov energies; the other 

cross sections start rising at Fennilab energies. The pp cross section 

rises by about lO$ in the ISR energy range. Measurements at the JSR can only 

provide information on the pp system, but over a large energy span. rule data 

0" atot above 10 GeV/c have been fitted with a 1n2 s dependence yield- 

ing 

_ 
o&pp) = 38.4 + 0.49(ln ~/=2)~. (2.4) 

This fit may be considered a reasonable parametrisation of the data, but not 

8 proof of the In2 dependeace. 

Where does the increase in ottot come from? Several hypotheses were 

put forward by different people: 

I) The increase COUICS from the increase in the cross sections of the in- 

clusive processes in the central plateau, at y = 0. 

ii) Ihe increase caws from the increase in cross section of diffractive 

processes (their cross section depends on the missing mass (MM) with 

the form 1/MM2; tith increasing energy the available mass region in- 

&TlSeS). 

iii) From the production at large angles of nucleon-antinucleon pairs. 

Iv) From the increase in cross section of large pt-events. 

At present it would seem that the increase arises from a mixture of 

these effects. 
_. 

3. EIASTIC SCATTERING 

Recent results on elastic xattering concern scattering at large angles 

perfc~flzd vith the s;lit fjcl.2 ?-e~:,.- -nt fecility w the Ci‘~J-S~~;~J~~-Oreay-Pi;-.r- 

(CHOV) collaboration (R4C1, 74-13). Two other experiments are plar.ned for 

the near future: 
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i) One group is going to neasure elastic scattering in the diffraction 

region (R6@), and 

ii) another group will measure, in 1975, the elastic scattering in the 

Coulomb-Nuclear interference region (R805). 

Figure 3.1 shows two angular distributions in the Coulomb-Nuclear 

interference region measured by the CERN-Rome collaboration at equivalent 

laboratory momenta of 270 and 500 GeV/c (73-l). From these data the authors 

obtained'values of the total cross sections and of tine ratio p of real to 

imaginary part of the forward elastic scattering amplitude. lhe ratios p 

were found to be,slightly positive. Tne analysis of all the high energy data 

from IEP, Fermilab and ISR indicates that p goes from negative to positive 

values, crossing zero at about 200 GeV/c. 
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pp elastic scattering in the Coulomb-Nuclear interference region 

2t JY=23 and 31Gev. The solId line is a fit to the data; 

the dashed lines indicate the sepamte contr3.butions of Coulomb 

and kclear'kattering respectively (73-1). 

Figure 3.2 shows the pp elastic differential cross sections in the 

diffraction region at equivalent laboratory momenta of 270, loo0 and 1500 G&'/c 

(72-5). The data show veil clearly a change in slope of the diffraction 

patter" at ItI - O.lj (G~V/C)~. 'Be slope changes approximately by 2 units, 



going from about 12.8 (GeV/c)-* for (tj < 0.15 (G~V/C)~ to 10.8 (GeV/c)-* 

for ItI > 0.15 (cev/& 'Ibe analysis of the energy dependence of the slope 

parameter b, computed from measurements in a well defined and fixed t-interval, 

shows that, for laboratory momenta above 50 GeV/c, b has a logarithmic depen- 

dence on s. For ItI < 0.12 (G&'/c)* one has: 

b(s,t) = (8.23 + 0.27) + 2 x (0.278 2 O-024) h(s/s~) (3.0 

where so = I. Cd. 

I 
=’ Le._ >-~i’.-, I- 

D cc, 00 m La LA o* 
.I b-3 

Fig. 3.2. pp elastic angular distributions at A= 21.5, 44.9 ~3 53 ~94 

in the diffraction region (-72-5). 

me new e&tic scattering data were taken at & = 23 ana 62 GM IIY 

the 0.8 < ItI < 3 (GET/c)~ range. The data were collected together with 

PP --rpnr;c events using the Split Field Magnet (SFM) facility in the configur- 

ation shown in Fig. 3.3. l%e fast trigger for elastic events wes obtained from 

the multiwire proportional chambers (RWFC) and required at least one particle 

in both the forward and beckvard arms of the SFM. This trigger was a very 

loose one, correspondinS co xsrly the total pp cross secticn. A subseqwr.i 

slowtrigger required collinearity of the two trecks and absence of other tracks. 
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F-k. 3.3. Plan view of the layout of the Split Field Magnet, facility as used 

by the CHOV collaboration (73-13). 'Ibick vertical bars indicate 

prOPwtiona1 wire chmbers. Nl-N4 denote neutron counters used to 

detect the reaction pp + pm+. 

Off line analysis was later performed using three steps: track recognition, 

track fitting in the magnetic field and kinematical fitting. Figure 3.4 shows 

the elastic angular distributions at &=23 and62Gev. These results are 

preliminary. The data confim the existence of a dip-bump structure as pre- 

viously observed by the ACGHT collaboration (74-3). 

lbe vhole -pp angular distribution is reminiscent of~a diffraction 

psttern . 'Ihe CHOV group fitted the t-distributions with the formula ;~. 

,:. 

da %zrA e 
I 

(3&z) 

Tne results of the fits are shown as solid curves in Fig. 3.4. From the fits 
-.,,,., 

one can derive: (I) the location of the dip and (ii) the height of the second- 

ary peak. The resul-ts are shown in Fig. 3.5. The location of the minimum is _ 

decreasing with increasing energy: it is at 1.45 (GN/c)~ at 4: = 23 GeV md 
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The curves represent four-parameter fits according to Eq. (3.2). 

The data have a nomal&ation ~u?certainty of + 26. 

1.3 (G~V/C)~ at J; = 62 GeV. Tne height of the maximum is instead increasing 

vith energy. 

The invard moving of the dip and the increasing of the secondary maxi- 

mum, may come about as the result of an interference,effect of a shrinking small 

-t amplitude with'* large -t amplitude which Is energy independent. 

'Ihe integration of the differential cross section yields the total 

eLastic cross section (which is approximately equal to eel - ~,,/b). me 

inelastic cross section is then given by sin = utot A 91. Both se1 and 

alin rise in the ISR energy range, with uel rising probably more than "tot 

(Fig. 3.6). 
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Many models.have been proposed to explain the shape of the pp elastic 

scattering differential &ss section at ISR energies. Some geometrical models 

' ~ictuke the prototias aAd= of an‘inner COP?, vhich expands as the energy in- 

: crea&s, and of an outer l+yer cf c?n$$e.nt t&ic$ness., Figure,,j:7 Thou? Fe. 

opaqueness of the proton at the two extreme TSR energies. 
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4. SIIiGLE-IrrcLb~TvE A2FkCT13xS 

Inclusive reactions of order one, defined a.6 those reactions where one 

observes only one particle in the final state 

a+b+c+X, (4.1) 

have been studied with single am spectrometers, with particle identification 

detectors, If Particles a and b are protons and c is a proton going in 

the forward direction, one speaks of c a.6 a leading Particle. In all the 

other cases particle c is a pmduced particle. 

We shall use the following independent variables 

Total c.m. energy squared 

* = (Pa + pb I2 = cm 

Transverse momentum of c 

pt = p sin 0 = pcLaa sin eclsb 

Longitudinal c.m. momentum of c 

P.4 = p co5 e 

Feynman x variable 

I, 
. . . '~ Pi' 2Pe '. 

~. .,: x,=~"-- '==&=> x 
plmax s >> 

Transverse x 

(4.2) 

(4.3) 

(4.4) 

.(k.sb). 

..~ 

(4.5c) 



c.m. rapidity variable 

6: + Pi 
y+--- 

E - Pi 
--log; 

P; ' 2 

(4.6) 

laboratory rapidity 

Ylab = Yac = Y* - Yc (4.7) 

missing mass 

I? = < - PZ = (P* + Pb - Pc12 (4.8) 

if a=b=c=p 

M2 = s + tn; - 2 GEc (4.9) 

For the differential one-particle inclusive cross section we shall use 

the invariant form 

3 2 E d20 1 d2c f = f(s,pt,y) = R da = &. A =--=-- -c& 

- d% p2 dndP r dPe"pt ' dydPt 2-rrdtdM2 
(4.10) 

Most results on single inclusive reactions at the ISR became available 

some time ago; recent new results complete the general.picture. We shall 

attempt to make a sketchy overall view of the results discussing the behavior 

~ of the invariant cross section as function of one variable a> a time keeping 

the other ttio fixed ,. We shall then discuss general features, like multiplicities 

and average transverse momenta. 

4-l,, f.= f(Pt) 

The general appearance of the 

Gwariant cros8 sectibn~as a function 

*f Pt is sketched here. T&bulk of 

the experimental data concerns the &- 

termediate pt-region, which may be 

'd 
7; 

.t I H 
SMALL Pt 



defined as 0.1 ? pt ? 1 GeV/c. At the ISR there are no data in the 1~ 5 

region (pt < O.lGeV/c). Fig. 4.1 shows the transverse momentum distribution 

at fixed values of the Laboratory rapidity, ylab, for pion production in the 

fragmentation region (74-4). lhe distributions are well represented by an 

exponent31 function in pt. . 

2 
f,ES 

& 
= A *d-tit) (4-U) 

This is true for the production of my particle in both fragmentation and 

central regions, with the exce'ption of protons, whose distributions are best 

represented with exponental functions at small values of x and by gaussian 

functions at large values of x. 

u 

“” * s 
e 
-i)? ’ 

u 

\ 

u 

.l 

‘$ !$ ,..-....” 

\ \ 

B 
,.1-f... 

‘f: ,I%+~ 
\ 

:: y’ 
..a,- 

21%:: ‘r. 
d . . . . I ’ c 

UUUUW”U 

I ’ 

’ F ‘$4 
tt 
t 

, : 1 1 m-P.- 

‘“lri, +‘$ 

al- prr.... C# 
4 

i 

I,+, 
‘b 

\‘, 

I 

t. 

.,,. -1. ,P( @wf/cl 

tvif. 1 
13, “,.U : 

A* 
\ Y+- 

\j “hp, ! 
‘\,,tlj 

,11-b- “1, I!, \, 1 \ \ \ 1, \ 1 ~U”UUUU 

Fig. 4.1. Ihe invariant cross sections for the production of d, Kf, p and 

i plotted versus transverse momentum at a value yLab = 1.5 (74-4). 



The f = f(pt) distributions are better represented by exponentials 

when the data refer to yLab = cmst than when x = const. The slopes are 

larger for pions [slope B - 6.8 (CeV/c)-l]; smaller for kaons (B + 1 B -, 5.0) 
K K-- 

and still smaller for protons and antiprotons (BP 2 B- _ - 4). The ?r+ slope 
P 

is just a little smaller then that of YT-(B + 16.5, B _ - 7). 
TT T 

In the a pt-region (p, > 1 GeV/c), the invariant sections decrease 

less fast than an exponential and have a stronger energjr dependence than at 

lower transverse momenta. The large pt '6 will be studied separately in 

Section 7. 

4.1.1. Average transverse momentum 

me average transverse mcmentm for the production of particle c may 

be defined 8s 

WYhb = 

J pt f(pt, ylab = const) dpz 

I f(pt, ylab = co*=t) QJ~ 
(4.12) 

where the subscript ylab means that the computation was performed using ln- 

variant cross sections at fixed values of ylab. 

The practical computation of the average 

performed using directly the definition (4.12). 

$zmentisl in p, one ii.36 Simply 

transverse momentum may be 

If the cross section is ex- 

:. 

s Pt e 
-% 

(P,)y z 
dP:. 2 

,,~ =g -% .dp2 
t 

(4.13) 

Since there'are f&data' for bt~ < 0.1 GeV/c (.low pi-region) and 

pt> 1.5 WV/C, one needs extrapolations of the cross ~se+3ns in order to ,~, ,, 

compute the average values of the transverse momentum for different particles. 

l9ie average value of the transverse momeatm is essentially determined by 

data in the intermediate region; thus the error +troduced by the,extrapolations 



is small. It may be estimated to be between 5-l@, arisicg nainly from UE- 

certainties in the low pt-region. 

Figure 4.2 shows the average values of the transverse momentum for 
+ 

TT , Kf, p, and 5 computed for fixed values of ylab plotted versus ylab 

(74-b). It leads to the following picture for p& production. 

(i) For small ylab, (p ) 
t 'lab 

is very small and increases quickly. 'Ihis 

rapid change for yLab < 1 is a kinematical effect, since In this 

region one simply cannot produce large transverse momenta. For 

YLab’2, (P) 
t.Ylab 

increases slowly with ylab. This means that the 

factorizatio? of the invariant cross section in terms of pt and 

yhb[f(Pt>Ylab) = dp,) hblab)l is only an approximation valid to 

5-10% 

: 

,++$++ 

,’ ’ 1 

5000 

1 

KS 
‘m 

‘= :I& d rl P. Y ‘00 p 

5 rs*f! 

Fig. 4.2. Average values of Ihe transverse momerit;m for T+, T-, Kc, K-, p 

a*d fi production, computed at fixed values of the ylab variable, 

plotted versus ylab (74-L). 



(ii) The shapes of the (p,) + and (P,) _ 812 Quite similar, 

.TT "lab T'ylab 

the d's having a slightly larger value of the average transverse 

momentum. 

(iii) The results from different energies superimpose one on the other on a 

kind of "universal curve," which may be explored completely only at 

the highest energies. If this is correct, it is clear that the inte- 

gration of (ptjyLab over ylab will yield average values which in- 

crease slowly with energy (this will be discussed in more detail later). 

Within their larger errors, the average transverse momentum of kaons 

behaves as for pions, but the "plateau" is at about 450 and 400 MeV/c for K+ 

and K- respectively. 

For protons and antiprotons the average transverse momentum is about 

4.2. f = f(ylab); f = f(x) 

A compilation of data for the production of T', Kf, p and i at 

different ISR energies and fixed value of pt = 0.4 GeV/c is shown in Fig. 

4.3 versus laboratory rapidity.(74-23). The dotted lines represent interpola- 

tions throu& data at a laboratory momentum of 24 GeVjc. 

'ihe shape of f = f(yLab) at. fixed pt is essentially the same for 
+ 

T-, k and i. lb cross section is small at small values of yLsbj it grows 
,. 

vith ylab, untllwhen'it reaches B kind of a plateau for ylab > 2. In reality 

the plateau is slowly rising with ylab, by about 1% In two units of rapidity. 

mis means that the scaling region has not quite been,reache& even at the highest 

ISR energies. Only the protons have a different shape, which reflects their 

leading particle nature. All the 1% data taken at different energies super- 

impose on the same ewe; the data at the Laboratory momentum 01 24 GeVfc are 

considersly loirer for $, just a little bit lower for K- and just a little 



higher for protons. This emphaSizeS the different ways in which the scaling 

region iS reached, though thew.riations are modest when the data are plotted 

versus ylab. 
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Fig. 4.3. Ihe invari&t cross sections for pi&, kaon, ~&ton and antipr&n 

production at pt= 0.4 GeV/c plotted versus yllb. The TSR data 

are from references iL-4, &$jj; 72-12, 73-13, 71-14, 73-14 and 
72-11. The dashed lines refer to data at 24 GeV/c. 



In terms of the rapidity variable it is easy to separate the frapen- 

tation (Ylab < 2) and central regions (y, > 2). It is not so easy for 

other variables, like the x-variable. On the other hand one may learn some 

other details when the data are plotted as function of x. An illustration 

of f = f(x) at &-= 53 GeV ana pt = 0.4 GeV/c for the production of 

various p?nticles is sketched in Fig. 4.4. 

1500 GeVk pL = 0.4 GeVk 
I ’ I I t 

W 

2 

x=p;/p* 
MAX 

_ 

Fig.~4.&. Tne imariant cross-sections for the production of various particles 

at pt = 0.4 GeV/c, plotted versus x. The vertical arbitrary scale 

is in reality very close to mb/Ge '? (from D.R.O. Morri&n). 

t: 



Figure 4.5 shows a cm.pilation of particle ratios: note that particle 

to antiparticle ratios tend to 1 when ybb increases. 

4.3. f = f(s) 

Ihe energy dependence of a collection of invariant cross sections at 

fixed values of (x,p,) is shown in Fig. 4.6 (74-30). 7% data in the figure 

come from B variety of experiments, using a v&i&y of experimental techniques. 

Therefore also their systematic uncertainties have to be considered. !Lbis 

means that no cross section is known with an accuracy of better than + loqk. 

The energy dependence of the invariant cross sections may be para- 

metrized with expressions of the form 

3 
f = E 9 = i + Bs-~ 

a3P 

Several models of particle production predicted an energy dependence (4.11i) 

with a = l/2 for data in the fragmentation region and cz = l/4 in the 

central region. Table 4.1 gives the results of least squares fits to the 

available data to formula (4.14) with OL = l/2 and n = l/4. When systematic 

errors are included, the chi squares are reasonable, but both forms are com- 

pstible with the data. 

_ From the figures and from the analysis of the fits one sees immediately 

- that B kind of aspptotic region, where there is only a minor energy dependence,~ 

is attained at lower energies for positive particles than for negative ones. 

Moreover there is a hierarchy connected with the mass of the particles produced: 

the scaling region for instance is attained first by pions, then.by kaons, while 

';~>', the antiproton cross section is still increasing considerably in the ISR energy 

range. The whole study of energy dependence is moreover strongly coupled with 

the choice of independent variables. 
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4.4. Multiplicities 

The multiplicity of paiticle c is defined as the average "umber of 

particles c produced per interaction. At the ISR the multiplicities have 

to be computed by integration of single particle spectra in inclusive reac- 

tions : 

(nc) .= -& 
s 

f + (4.15) 

If factorization in (p,,y,) holds the computation of (4.15) becomes par- 

ticularly simple: 

f(Y,Pt) : g(y) h(pt) : G(Y) exp(-BPt) (4.16) 

from which 

(n,) I$ s;em -Bptl d$ 1"" G(Y) dy z'+ s"" G(Y) dy (4.17) 
0 Ymin %nB 0 

We know that the average transverse mOmenturn changes with ylab and that 

f = f(Ylab) . IS not constant, particularly at small ylab. 'Bus Eq. (4.17) 

is not exact; however, it may still be used as a" empirical formula and still 

yields r-asonable results. Since the y& di&ribtititio"S at pt = 0 ar&'"Ot .' " 

knoti, one uses those at pt = 0.4 cd/C: 

,. . 

f(y,pt = 0.4) 
ay 

exp(-0.4B) 
(4.18) 

!& integral in (4.18) was computed numerically, using values of ain ~10~ly 
. . 

increasing with energy. 
+- +- 

me multiplicities of T , TT , K , K , P,, p,, and the total charged 

multiplicity 8re show" in Fig. 4.7 as a function of 6 (73-20, 74-35). 
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Tne energy dependence of the multiplicities my be fitted with foxxulae 

of the type: 

(n,) = A + B In s + C s-l12 (4.19) 

(n,) = A' + B' In s + C' s-li2 In s (4.20) 

In general the fits according to Eq. (4.19) yield lower 2 than those accord- 

ing to (4.20). The proton multiplicity has only a very minor energy dependence. 

The average multiplicity (n +) is larger than (n -), the differ- 

ence being a+proximately constant wi:h energy ((n 
lr+ 

) - (n a) = 0.5). Tmx 
T- 

the percentage difference is decreasing with increasing energy. The sane 

trend is valid also for K+ and K-. The ratio of kaon to pion multiplicities 

incr+ses with increasing energy and reaches an approximately constant value 

at ISR energies. 

4.5. Energy Dependence of the Average Transverse Momentum 

For each produced particle, c, the average transverse momentum inte- 

grated cwer the ylab variable is obtained by integrating (4.12) or (4.13): 

(Ptlc = 
I ptf d3p/E ' '~('t)ykb J f dp2,1 dYlab 

I f d3p/E = 1 11 f dp:l dyhb 
(4.21) 

%3X 

Yd" (pt)Y lab 
f(YLab'Pt = 0.4) dylab 

= (4.22) 

Fx f(Ylab'Pt = 0.4) dylab 
.' Gin 

Formula (4.22) is an approximation which uses the data at pt = 0.4 G&'/c, the 

v-dues (Ptlylab and assures factorization of the cross section in (y,,p,)- 



Ihe computation of the average transverse momenta at different energies 

is considerably simplified if bne .?ssumes that there are "universal' c-es for 

f(ylab,Pt = 0.4) *"a (P,), j that is, curves on which data at different 
lab 

energies always lie. 'Ihis seems to be true for laboratory momenta above 

lo-20 GeVfc. 

The results of the computations for the average transverse momenta are 

shown in Fig. 4.8, which give &lso the average transverse momentum for the pm- 

duction of all the charged particles, defined as 

(n +)(p,) ++ (n -UP,) + (n HP,) ++ (" -HP,) 
?T T T 1; K+ K K K- 

+ hpHPt)p 

+ (" ) (Pt,_ 
I 

1 

E P "charged (4.23) 

where (n,) and (ncharged ) 'are the average multiplicities for the pmduction 

of particle i and the average charged multiplicity, respectively. BeC*USe 

of the lack of precise data at small ylab, only an estimate of the (p,), 

has bee" made. 

'Be absolute values of the avem&e transverse mcmenta my have errors 

of the order of lO$ arising mainly from uncertainties of the data at low and 

high pt and,,from the assumption of the universal curves used.,' On the other 

hand, the point-to-kitit err&s and the error of; say;the d curve vlth 

~respect to the T-. c-e are expected to be of a few per cent; 

Within errors all the average transverse manenta increase very slowly 

with prilraiy energy. This is in contradiction with some very high energy 

cos,r,.ic ray data presented at the London Conference. 

As far 86 the relations between the (p,) f&r different partikles are 

concerned, one may notice that the average p+, for positive particles is a 

little larger than for the corresponding negative ones ((p,) + 2 (p,) _- and 
TT lr 

(P,) +';: (P,) -) and that the ayerage pt increases with the mass of the 
K K 

produced particle. 



Among the various theoreti.callcodels which are capable of predicting 

the average values of the transverse momentum, there is the thermodynamic model 

of Hagedorn et al. in which the average transverse momentum has a simple mean- 

ing. It is connected with the temperature of the "fireball," or "fireballs," 

produced by the merging of the two incidence protons, from which come the pro- 

duced particle. In a naive way, one may think of the fireball as a "liquid 

drop at the boiling point" from which "evaporate" the various particles. In: 

creasing the energy inside the drop does not result in an increase of its tern- 

per&we nor of the average transverse momentum of the produced particles; but 

the average number of produced particles increases. The model predicts the 

following relation between average transverse momentum and temperature: 

(4.24) 

where K5/2 and K2 are Hankel's functions and m is the mass of the produced 

particles. The vertical scale on the right hand side of Fig. 4.8 gives the 

temperatures for each produced particle computed with Eq. (4.24). The energy 

dependence of the temperatures is weak as anticipated. The temperatures corre- 

sponding to the different particles are almost equal. One may say that all 

the particles ark produced from a region at the same temperature, or that .~ 

T -<T+<,T-<T CT. 
?r 77 K K+ i 

5. COP.REIATIONS 

~~ !Lhe study of correlations between the final state pa-ticles~ produced 

.in proton proton collisions offers a very wide field of research which is 

being attacked by a growing nmber of groups at the ISFi. Measurements of 
_ - 

correlation functions have been suggested by many authors as 8 means of dis- 

criminating among differat mcdels of particle pmduztion. They could for in- 

stance discriminate between models in which the observed particles are the 



decay products of heavier objects and models where.the observed particles are 

directly produced. Most of Cm correlations are studied in inclusive rem-, 

tions of order 2, that is 

p + p -cl + c2 + anything (5.1) 

where "anything" is either not observed are only observed in so far as some 

features only, like the number of tracks. 

The number of independent variables in reaction (5.1) is large: 

s; Ptl, Yl, $1; P& Y2, e2; 

nature of cl' c2; 

some feature of the "anything" 

(5.2) 

that is total c.m. energy, nature of the tvo observed particles and three 

kinematics variables for each observed Particle (for instance pt, rapidity 

and azimuthal angle, or other equivalent variables). One azimuthal angle is 

ignorable, because the initial protons are unpolarized. 

he number of correlations one can study iS thus very large: one may 

study correlations in polar angles, in azimuth, in momentum and mixed or more 

complex correlations. For each of these one c&n then in'vestigate their depen- 

dence in energy, types of bbserved particles, on the kinematical i-e&n6 of 
.' 

one particle, on the observed multiplicity, etc. 

Ron the experimental point of view one has to point out that besides 

experiments using layouts specifically designed for the study of certain come- 

lations, there are others where some equipment was added to an existing apparatus, 

for instance some scintillation counters to a single *rm spectrometer. 

Ihe best layout for studying reaction (5.1) would cpnsist of a two- 

am. &pectrometer with particle identification. At the TSR there 8re only three 

such systems (in I1 the Saclay spectrometer, in I2 the combination of the small 

angle and large angle spectromet&s, in 16 the layOutusedfor elastic scatter- 

ing measuremnts). AU other layouts do not have complete patiicle identification. 
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!Ihe conservation of energy and momentum produces automatically some 

sort of correlations among thqparticles in the final state. Cue has to re- 

move these "kinematical" effects before being able to study the dynamics of 

the process observed. 

In the following we shall schematize the measured correlations in 

(i) rapidity, (ii) azimuth, (iii) transverse momentum, and (iv) more com- 

plex ones, like correlations with a fast forward particle. Correlations in- 

volving diffractive protons and particles with large transverse momentum will 

be discussed separately. 

Figure 5.1 is a sketch of the layouts used at the ISR to measure corre- 

lations. 

5.1. Fapidity Correlations 

We shall define the single particle density distribution for reaction 

f4.1) as: 

P(l)(Y) = k g (5.3) 

where oin is the inelastic cross section and dcr/dy could be the result of 

integrations over pt and +. The two-particle density distribution for re- 

action (5.1) is defined as 

$2) (Y,,Y,) = $ d20 
in ..!?I 92 ~,,~. ,, .~ ,~ ,- .., 

(5.4) 
._, , 

,. ,. 

'Ihe rapidity correlation function will be defined as 

R(y1,y22) = 
P(2)(Yl,Y21 - P(Y,) P(Y,) 

P(Yl) P(Y2) 

oin (d20/ dyl.dy2) 

= -(du/d~.~) (do/dy2) - ' 

(5.5) 
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Fig. 5.1. Sketch of the correlations which have been studied at the ISR. 

(a) low pt (b) %rge pt. 5e LSR beams are shown as thin 

black lines, the triggering particles as outgoing lines 

(straight if there are no magnetic analysis, curved if there is). 

Hagnets 8re indicated as prisms. 



If particles c1 and c2 would be emitted independently, p (2)(Yl>Y2) would 

be the product of the two single particle distribution functions p (l)(Y,), 

P(Y2) and R(y1,y2) would be zero. Anotber.type of correlation function 

is often quoted: 

C(Y,,Y,) = P(Y,,Y,) - P(Y,) P(l)(Y,) 

= R(y1>y2) P(')(Y,) P(')(Y~) (5.6) 

We shall discuss the rapidity correlations measured at the CElUi-ISR 

by the Fisa-Stony Brook collaboration (74-l). !lbey measured charged particle 

production, measuring only the angles of the produced particles with a counter 

hodoscope system. 'Ihere is no knowledge of xDoment.a "or of the sign or mass 

of the produced particle. Freon the knowledge of the angle 8 one computes 

the variable 

(5.7) 

which we shall call pseudorapidity; this is the rapidity for a particle of _ 

mass zero and is a good approximation of the rapidity for pions. me trigger 

reqtirement is such that~ (i) they accept about~ 92% of the inelastic collisions; 

(ii) they have a negligible contai&ation from elastic events; (iii) the mini- 

mum momentun detected 1s 80 t&V/c. The data have been corrected for r-con- 

version, s-rays, finite co""ter size, etc., and are integrated over the 0 angles. 

A qualitative description of the interactions was give" by this collab- 

oration. selecting the events according to their multiplicity, removing the 

'two~tracks with the largest and smallest angles (i.e., pseudorapidities) and 

.computi"g for the remaining tracks a mea" pseudorapidity 

1 ;=- 
n-2 'i'li 

and a disperSi0" 

(5.8) 



(5.9) 

A three-dimensional plot of this data is shown in Fig. 5.2, where 6 is plotted 

in the x-axis, q in the y-axis and the number of events in the z-wis. The 

plots are repeated as functions of event multiplicity at various ISR energies. 

At low multiplicities the graphs show two sharp peaks at large positive and 

negative values of q and relatively small values of 6. There is also a 

less prominent and broader bump centered around i - 0. The two narrow peaks 

at large lql become less prkinent end eveqtually disappear at larger values 

of the multiplicity, while the converse is true for the broad peak at ? - 0. 

The two sharp peaks, prominent at low multiplicities, are interpreted 

as due to diffractive processes, while the broader bump, prominent at larger 

multiplicities, is interpreted as due to central processes. In a rapidity 

plot a diffractiveeventappears to have a large rapidity gap between one lead- 

ing particle and the bulk of the others. A central process would lead to 

rapidity distributions with a larger average multiplicity, more uniformly dis- 

tributed in rapidity (see Section 6.2). 

5is first analysis shows that there are correlations in rapidity and 

that they may be used together with the average multiplicity to classify the 

..' '~ type of 1*teracti0*s; ./_ ~. 

cgure 5.3 shows the ctintbws of ~constant R(ql,q2) in the (q,,q,)~ 

&me at the two enekgiek of J;; = 23'and 63 G&J;- Figure 5.4 sh&s ~R(il,$,)'~ 

as function of q for the fixed value of 
1 

q 
2 

= 0. An analysis qf these 

graphs yields the following conclusions: 

(I) 5e contours are syrmnetric about q1 = q2 (because of the definition 

(5.5)) and about q1 =-q2 (which was imposed in the fit as it should 

be for 8 synsnetric pp system). 
_ 

(Ii) For lql/, lq,/ 5 2 (central region) the contours are nearly straight 

lines parallel to q1 = q2. 5us here the primary dependence of 
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5.3. Contours of constant correlation R(ql,~) in the (y,$) plane. 

Contours bf negative correlations are shown as dotted lines (74-l). 

(a) -& = 23 Gw; (b) &= 63 Gw. 
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Fig. 5.4. Correlation function R(ql,q2) for fixed ql versus q2., Nl 

circles refer to '-.&= 23 G~V, open circles to &-= 63 GN (74-1). 



R(rll,‘12) is on 1~~ - q21. Fits of the projections, like~tbose in 

Fig. 5.4, can be madefo dependences of the types: 

c(q,,~Q,,~ fixed = A expt-l'll - ?,I/LJ + Background 

ch,dl,$ 1 fixed = A' exp[-hl - r,,12/4i2] + Background 

(5.10) 

(5.11) 

yielding correlation lengths of L z 21 - 2, which are short compared 

to.the available rapidity range. 

(iii) The correlation function R(ql,q2) is almost energy independent in 

the central regim~havlng 8 maximum of about 0.65. Outside of the 

central region there is energy dependence. For ql = q2 and large, 

the s-dependence is basically due to the expansion of phase space as 

s increases. 

(Iv) Along the line ql = -q2 the contours are more separated. At the 

Largest values of lqll + 1q21 there are enhancements, which go to 

larger lql as s increases. These events are of the diffractive- 

type and the corresponding particles are emitted in opposite directions. 

.5.2. Azimuthal Correltitions" . . 

~, _:. 
Other types of correl+~lo~ fun~tlons ai-@ d&fined ii it& s&e way as in ~~ 

(5.5) and (5.6). For instance, the correlation function in 'rapidity and in' .' 

azimuthal angles may be &fined as: 

d46 
'in dyl dy2 d'p1 N2 

R(yl> vi' y2t 'p2)~ = 
d2a d217 

-1 (5.=) 

@yYl dy2, dv2 



Since the initial protons are unpolarized R(y1, 91, y2, ~2) is a function 

only of the difference /3p = '~2 - '~1. Moreover ii the central region the 

correlation in rapidity depends mostly on the rapidity difference, & = y2- yl. 

Thus for the central region Eq. (5.12) can be integrated over 1pl + "2 and 

yl + y2, obtaining: 

'in d20 

Rvxf, crp) = 
-- 

‘(5.13) 

We shall next discuss the correlations in rapidity and azimuth measured 

by the Aachen-CBRJ-Heidelberg-Munich collaboration (ACHM) using a streamer cham- 

ber system (74-19, 74-20). Since this experimental equipment is relatively 

recent, a brief description may be useful. 

'Ibe 17 intersection region has been surrounded with two double.gap 

streamer chambers, 270 x I25 x 50 cm 3 in size; the chambers are placed one 

above and one below the vacuum chambers and are separated vertically by 8 cm 

(Fig. 5.5). An inner region with a total volume of 170 x 70 x 25 cm3 was made 

insensitive because of incompatibility with the,bicone structure of the vacuum 

chamber. A plate made of lead oxide-epoxy separates each chamber volume into 

a" inner region for the detection of charged particles and in an outer region 
._,' ., :. 

for +e,dqtection,of c?"v+rsion electro?s from 8's. !Chus charged tracks ,. ,~ 

are observed over a length of 13 to 30 cm. 

'Ihe chambers are viewed, via a complex mirror system, by a lens followed 

i by a" image Intensifier. me system allows to see two 8' stereo views, au, 

views being recorded on a single 35 mm film. 

me appratus is~triggered by a coincidence between two s$"tillation 

counter ho&scopes, placed around the beam pipes on each side of the inter- 

section region. This trigger, effectively similar to the'&e 'uea by the Flsa- 

Stony Brook collaboration, allows the obserjation of about pC$ of the i"el.astic 

cross section. The pictures were scanned and selected e,vents were measured 

with conventional image plane digitizers. 



fig. 5.5. Layout of the streamer chamber set up in 17 (74-20). 

., 

Fig. 5.6. Ficture of an event in the streamer chamber set up (74-20). 

. 



The experimental results which will be discussed concern the corre- 

lations among charge tracks only. As in the F'isa-Stony Brook experiment, only 

angles are measured. !Che two experiments are quite similar. For each track 

one has 0 and rp in the c-m. system and the pseudorapidity is again computed 

using formula (5.7). The two experiments yielded results in good agreement 

vith one another. 

A" event observed with the streamer'chamber system is shown in 

Fig. 5.6. 

,- 3 

Fig. 5.7. Co"t.ours of constent correlation R(&&) in the (4, &Q) 

plane (74-20). ' 



The contours of the two-particle correlation function R(& &up) at 

&-= 52.7 Gev sre shown in Fig: 5.7 86 a function of 4 = $ - ql and 

4 = Q - 'PI for values of 1% + 'L2/ < 3. Forfixed & (in particular 

fxP = 0) one finds again the rapidity correlations already discussed. The 

graph shows that there are weak correlations in $I, which depend on Lq. In 

particular the larger the rapidity difference ~3) between the two particles, 

the more probable it is to find the two particles at large hp, that is to 

find them going in opposite directions. 

The authors try to explain the features of Fig. 5.7 in the framework 

of the independent cluster model of particle production. In this model the 

rrp dependence of R(& drp) reflects correlations within the sane cluster. 

Instead the @a~ dependence of R(& 4). can be used t6 obtain estimates 

of the parameters describing the decomposition into clusters. 

'he large & ccrreUtio* at large i?q can be qtilitatively interpreted 

.ln the itidependent cluster model as an effect of energy-momentm conservation 

within one cluster. From the dependence of R on 4 the authors estimate 

that the average number of particles per cluster is 1.9. These results cannot 

be considered a proof of the validity of the cluster model, but only of its 

usefulness as a method of parametrization. 

5-3. Transverse Momentum Correlations 

me experimental results on .pt' correlations obtained by the Saclay 

group (74-10) will now be discussed. Ihe group used two magnetic spectrometers 

facing each other and at 90" to the beams in the Ilintersection region (see 

Fig. 5.1). The angular region covered by each spectrometer was relatively 

small (Ml- 0.062 sr, aR2 = 0.22 sr) so that one can consider with good 

approximation that yl = y2 E 0, & = q2 - ql = 180'. particle trajectories 

were reconstructed from mgnetostrictive wire spark chambers; pareticle identi- 

fication w.s done with time of flight. 



The apparatus allowed thr direct measurement of the double differential 

cross section for a double inclusive cross section with complete particle 

identffication up to 1 GeV/c. 

Figure 5.8 shows the double differential invariant cross SeCtiOn 

(5.14) 

for T'T- inclusive production plotted versus p for four values of p . 
tlr+ trr 

Very similar graphs exist also for the inclusive production of T-T- and 

lr+lr+ pairs. Tne distributions fitted to exponential functions of the form 

f(p,, p2) = A= -tT (5.15) 

yield values of the slopes B very close to the values found in single pion 

production, with only a minor dependence on p _. These effects are better 
tlr 

illustrated in Fig. 5.9, which shows the average of pt2, (pt2jp , computed 
t1 

for various constant values of ptl. 

Ihe pt-correlation funct,ions 

a20 : 

.R(Ptl> Pt2) = 
% dPtl dPt2 

do -1 (5.16) 
-- 
dPtl 2; 

for TT+T-, T+T+ and T-T- pairs are shown in Fig. 5.10 plotted versus 

IPtll + IPtJ at JT= 52 GeV. i7 
IT+, 

is alwrys somewhat larger than R 
lr+lr+ 

and R- _ which are almost equal. In particular R + _ is largest at mall 
7rP 7r7r 

values of the transverse momentum and one my loosely speak of an "attraction" 

between low energy d and 1;. 

The authors considered also integr&ed correlations 
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c?* = Oi” J du12 
/do1 1 dg2 

~(5.17) 

and found 

C + _ x 1.64' c + +: c _ -" 1.3 (5.18) 
lrlr T1r lTTT 

C -C -2c ) 
Pp - pp - *+l; 

(5.19) 

that is the correlation between pions of opposite sign is larger than the 

correlations betveen pions of the same sign. Moreover.the correlation between 

two protons and between G pairs is about equal and twice as large as the 

correlation between ~'1; pairs. 

One concludes that transverse momentum correlations exist and are more 

important at small pt. 

5.4. mpidity Correlations with a Fast Foward Particle 

As an example of a special correlation on rapidity we shall discuss 

the experiment of the CERN-Piss-Rome-SUNY collaboration (74-g). (See Fig. 5.1.) 

The Pisa-Stony Brook 4tr-hodoscope counter system was placed in coincid&nce with 

..~ the CERN-Rome small angle magnetic spectrbmeter, which accepts negative particles' 

emi%,ted at essentially 0' in' the c.m: system (pi 2 0) and with 0.4 < x < 0.8, .-.' 

., lytib{ < 0.9 (74-9). zhus the forward negative particle; which is~ identified 

by means of threshold gas Cerenkov counters, is already in the fragm&tation 

region. The collaboration studied the rapidity correlation between the forward 

negative particle and charged tracks in the almost inclusive reaction 

+ (n charged tracks) (5.20) 



The following rapidity correlation function was considered: 

(5.21) 

where y is the rapidity of the forward negative particle and q is the 

pseudorapidity of the charged tracks, MO is the total number of inelastic 

triggers in which at least one charged particle was produced in each of the 

forward and backward hemispheres of the Pi..%-Stony Brook counter system. M 

is the total number of triggers in which one had also a negative particle in 

the forward spectrometer. AN&q) and AN(q) are the corresponding nlrmbers 

of events in an internal Lq at q. 

Figure 5.11 gives ~(y _ = 5, q), R(y 
77 K- 

= 3.8, q) end R(Y; = 3-1~ 'I) 

at ..&= 53 GeV (xnegative = 0.4 for rr-, K-, 5). One nbtices that: 

(i) the correlation function for the three prticles is similar; 

(ii) the correlation is largest and positive for particles with large nega- 

tive values of q (these particles are emitted in the backward hemisphere 

with respect to the forward going fast negative particle); it decreases 

with increasing q and has a peals at large positive values of I); 

(iii) the correlation ftictions have at most a weak energy dependence; 

(iv) the forward peak in the'correlatlon function is associated with low 

titipliclty events and is,already located at a pseudorapidity value 

such that y - qzl.3. 

Undoubtedly conservation of momentum and of charge explains most of the 

qualitative features of R(q). In fact the trigger, which selected interactions 

containing a high-momentum, negative particle going in the .direction of one of 

the incident protons, provides 8 sample of nontypical pp interactions. 

A plausible explanation of the peak in the correlation function is in 

terms of a process of the type: 

. 



Fig. 5.10. lbe pt correlation function (5.16) plotted versus lptll + jPt21 

for Ifd , lr+iT+ and T-T- pairs at &=,53.7 Gev (74-24). 
vs-YW 
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Ihe correlation function R(y,q) of Eq. (5.21) for 

of x = 0.4 at &= 53 GeV (74-g). 
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pp -> p + c+ 

. L> FT+,i'-, K-, i, 

(5.22) 

vhere C+indicates a cluster of particles, whose nature is open to discussion, 

which gives rise to a low multiplicity event, with particles going in the same 

hemisphere. A Monte Carlo calculation gave mC - 2 GeV for the ?r case, 

2.2 GeV for K- and 3.1 for the 5. C+ would decay into 3-4 particles. lhis 

experiment suggests that besides pions, also kaons and antiprotons could be 

produced via B cluster of particles. 

Similar types of correlations were performed also by the C'EUi group, 

which added a system of scintillation counters around Scm -, YO', to their 

small angle spectrometer (74-17). Thus they could study the correlations be- 
+ 

tween a fast forward TT , p or $ and a second charge particle in the central 

region. The results show both Short range and long range correlations for each 

type of identified particles. Interpreting the res&ts in terms of a cluster 

model they conclude that (i) for every cluster with a $, there are about 20 

with a pi (ii) 5C$ of the clusters emitted at y 2 2.4 contains zz PrOtOn; 

(Iii) a cluster de&y6 into 3-4 particles. 

6. DIFFRACTIVE PROCESSES. EXCLZFIVE XFACTIONS 

~ Under the gen&al term of'diffractive processes we shall classify a 

" "number df react&is characterized ~b$: (i) low momentum transfers, (ii) no 
: 

quantun'mmbers exchanged and. (iii) es'sentially no~~&nei-gy depenaende. 'In '~ " 'A 

practice these features concern: 

(i) the inclusive production of protons at values of x close to 1 (leading 

particle effects); 

(ii) reactions of the type pp +pN*, +N*N* (single and double diffraction 

dissociation). This class of reactions may contain also reactions where 

the N* is not a well defined state. The N* states extend to rela- 

tively large masses, larger than 10 GeV. 



(iii) Exclusive reactions with a relatively large cross sections. In fact 

these reactions may beabserved at the ISR, only if they proceed via 

diffractive processes, that is processes in which the energy dependence 

is small. 

me diffractive cross section is large. In fact the total cross section 

may be split as follows: 

'tot = eel + 'in 

Oin = 'SD + ODD +L7 
ND 

(6.1) 

where =SD = 17*D + urn is the single diffraction dissociation cross section 

and is equal to the sum of the diffraction dissociation cross sections of A 

and B (which are equal in the case of pp collisions); vDD is the double 

diffraction dissociation and oND is the inelastic non-diffractive cross sec- 

tion. At the ISR at &= 55 GeV one has, approximately: 

ottot - 
- 43 mb 

-a;1 r,6-7mb.Z~usD =,oAD + oRD . . . (64) .I.> 
,., : ,' 

“’ 6.1. Leading Particle Effects 

Figure 6.1 shows the invariant cross section for the inclusive produc- 

,tion of protons in the kinematical region of x close to~l,.as measured by. 

the 611~11 angle spectrometer of the CRU4 collaboration. in I2 (73-16). Tne dis- 

tribution has a peak at x - 0.9, which seems to be energy independent. The -, 

shape of the distribution at smaller values oi' ; reflects the spectrum of 

masses produced in the opposite hemisphere. me pea%, may be interpreted as 



due to the single diffraction excitation of one nuqleon, which breaks up into 

a mass d - s(1 - x), while the observed proton remains intact. 

,. 
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Fig. 6.1. Inel.a&tic proton spectti at various ISR energies and fixed p,, - 

at high 'I (73-16). 

Both the peak at x- 0.99 and the btiad structure at x - 0.5 (see 

Fig. 4.4) have.been interpreted within the framework of the triple-Regge-ex- 

change pic$ure. 

The energy independence of the cross Section and the Shape of the 

missing msS distributioc suggested that the x - 0.99 bump could be interpreted 

Ss due to triple Poneron exchange only, (PPP), and could be described with tie 

equation 



3 
f,*sL 

d3p'- 
(6.4) 

'Ihe data are consistent with an effective Pomeron traj&tory pf 

ap(t) = 1.0 + 0.2t (6.5) 

'Be broad structure at medium x was instead interpreted as arising 

from a PRR exchange, where R is an effective meson trajectory. This yields 

the equation 

fz (6.6) 

and the ISR data are consistent with an effective meson trajectory. 

g, = 0.45 + 0.7% (6.7) 

with GpRR (t) 1 llO0 nb/Gd , independent of t. 

I 

' -6.2. Correlations for'Diff&xctive Rvents 
. 

Qx&itative~informations 99 the main features of diffractive ~events 

have been obtained by the Plsa-Stony Brook, CRU4 and ACHGT collabaation$3 

studyrng different types of correlations. We have already mentioned some're- 

sulta of the P-Ma-Stony Brook work on correlations (see Figs. 5.2 and 5.3), 

In particular the result that diffractive events have a relatively low multi- 

: ,plicity. 

As already discussed in Section 5.4, the CKIM coliaboration measured 
. . . . 

rapidity correlations between a high energy proton in their small-angle spectro- 

meter and charged particles going in the o&site hemisphere or at 90'. 

Figure 6.2 shows their data in terms of the rapidity of the pxvton measured 
I 

in the spectrometer and of the pseudorapidity of the charged F-ertiCles in the 
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Fig. 6.2. Rapidity correlations between a fast.forward proton and a charged 

particle as function of their relative rapidity (pseudorapidity) 

plotted for different values of pl, pt, M2 (74-25). The arrows 

mark the rapidities of beam 1, beam 2, the identified proton, the 

center and half values of the distributions. 
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Fig.~ 6.3. Average charged +rticle multiplicity of the X system in - 
pp +p + X plotted versus themasssquared of X (74-25). 



counters. The data show a gradual increase of the rapidity gap as the momentum, 

of the proton detected in the spectrometer is raised from x = 0.9 (where frag- 

mentation protons probably make up the bulk of the cross section) to x = 0.9 

(where diffracted protons dominate the cross section). By integrating the 

graphs of Fig. 6.2, the group obtained the mean charged multiplicity in the 

scintillation counters. This is plotted in Fig. 6.3 versus the missing r&ass 

2 squared, M . The multiplicity increases with 2 , and seems to level off at 

large M2. 

l%e Set up of the ACHGT collaboration, used to measure elastic scatter- 

ing, was also used to detect quasi elastic scattering (74-31). Ihe experimental 

layout, consisting of two magnetic spectrometers placed along the two beams, 

In opposite directions was triggered by a coincidence betveen charged pz~rticles, 

one in each spectrometer (Fig. 5.1). After'removing elastic scatterings, the 

remaining events were qualitatively classified according to the nwnber of 

charged particles observed in counter hodoscopes surrounding the apertures 

of each of the two spectrometers: 

(i) Lou multiplicity events, for which no extx%i tracks were recorded. 

.Figure 6.4~ shows a bi-dimensional plot of these events; the horizontal 

,..scale gives charge (positive or negative) band x-value of particle 1,~ 

while the vertical scale gives the same quantities for particle 2. The 
,., 

.events cluster along two lines, one.for x1- 1 tid the,other for 
.- 'z$"l. These events correspond~to single difftictiod, that is to 

* 
Factions of the type pi +pN . : 

(ii) The diffraction bands are still observed in the case of one particle 

on one side and many particles on the opposite side. One still observes 

single diffraction. 

(iii) In the case of "two jets ' bf particles.going ln~ opposite directions one 

does not observe anymore the clustering at .x1 7 1 or % - 1. 



. . 1 . . 

Low mult. colineor Medium mult. s@gle High mult. single 
events :,excluded (c) _ ‘jet 

(4 _ 
jet 

. k)“ 
-=- i . ..-- :z.-.&.~, 

Lo- - .yr-;y,- ..y,;r;- (-;., y+*, ,E. 
...i: ,. ., :..-5 ._ ;_. 

a*- 
., ,.,’ :%i. :‘. :-:::- : :: ;y.z-=.. : : 
.:. ;.:.;.:.q - .. .i:, ~z~~=c~.:l;-<~~.;~ . . .._ ii, _ ..: -CL ‘S 

” -2 ‘.GY ,,1:.~:‘;:,.~-,:‘.:.~: .’ :‘.: _ : .-.. 
_.._ .;_ s :: .‘i’ .: 

:. z:. i. ‘. ,:;g 
_-.: :. :.---.:-... 

..? ....;- ‘,Z, : .e:.-::.~- 
0‘- __ ., A.,-:.-.; :_...__ z 

. .? t. ~. ..“.--y.:.; :_.. ;:‘: ‘.~:- : -==I 
. ..‘. 

~_ 0.- ‘, ::‘-i : :; .,: -5 j 1::. i ,‘;-,% ; . ;‘;.>~.*~ : .:LL:.T,‘.;Ti. :, .7g -. .-.. .:l-l::‘::i’.~~--. _ - 
.I _ : ;:g.. .‘=;:.‘: i :-* _:. I, . . ..:.= _I’ . .~-. .- - 

X : _... . . :.: .re~ 
.“:-...I ., i::. i:,, :T2; 

..I...: ‘,:. ,.li_ . ..-~. -:.-- 
- 

-2 
02. : ,,,,: ‘,.,’ . ..c -.: .~ ._<..,:-; ., ,2: zz : .i:. --I 17-s 

.: -” 
.:,+ ,‘;:‘::;‘; ‘,‘:.+,q 

I.‘.. .. 
o- 

.~ . ..~. : _,:,,:.,:.,: ‘.-G 
: 

a- .: 
_j .,., ;:.;: .,.. ~:..: .:, :.+ “.. ,_ .F;; ..i I:;-$ 

I._. ;).::r’; - ., : ,.:y ._.c.:, .,...-=. 
.;-<-,.~‘.‘: 1.‘. I..?& 

:; ;~‘.,“: r’ i Li:’ 
_ T-.:.y;=‘ _:. . . . + :_ .,:; _‘; ?.I:. 

44- ~~, . . .,yr,- 
L: ..,.,. . . y .1. :, ‘,;‘~ ,. 

..A- 
:.. 

..I _, .= 
‘.. : * . . 5, 

.~ ;‘.-.T -f ,,o 1 * r s 10 -‘ -.-1 0 * . . 1 8 10 .6 .a -2 0 .I . 6 a 10 / .~ 

,‘~. : .,.~~ : ..I.~:. / e,lX, I ~. ..:’ 
: ,. . 
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Figure 6.5 shows the missing mass distribtiion for the same events, 

plotted for different multipl&cities. 
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Fkm the above results remerges a $le+r pi,Fture of diPf~ctio~ processes: 

me finds both 'single ana double diffraction processes of the type pp +p + N*; 

N* + N*. These events exhibit the following qualitative distribution in 

n&itiee: 
. . i .;. . ,. ,; ,. ,: : *: ,, . ., :., .'. './ ..: ..~. . ": ..' x. 



Single diffraction of A .; ::,:., 

Single diffraction of B b-J-z-4 

Dxble diffraction 

Nondiffractive inelastic 

'Ibe nature of the N* needs further analysis, in particular in exclusive 

reactions. 

6.3. Exclusive reactions 

6.3.1. me reaction pp +(pTT+1;)p 

l%me two-am spectrometer of the ACGH'I! collaboration~vas modified by 

the ACHLB (private communication) and ACL (74-26) collaborations, by placing 

the two septum magnets one above the other, on the same side fmm the inter- 

action region, as sketched in Fig. 5.1. The fast trigger required three 

Identified charged particles in the two magnets and 1 particle in the propor- 

tional chambers on th&other side. A system bf %"ticounters 'surround+d the 

intersection region at $0' to the beams. The groups were thus able to select 

events of the reactions: 

~PP+(PT+T-) +P (6.8) 

+(pT+T-) +x (6.9) 

with x - 1. 
(pTT+TT) - 

A detailed analysis of the effecti& mass distributions 

shows that reaction (6:8) proceeds in part via the chain: 



pp +p + N* (1600) 

L> 7; + A" (1200) 

l- > 7r+p 

(6.10) 

The reaction (6.9) is interpreted as a double diffraction dissociation 

reaction. 

lb ratios of the cross sections 

as functions of t are approximately: 

t(GeV/c I2 0.21 0.33 .46 

(6.11) 

Rl 2s 6% . 18% 

% 3% 9% 14% 

'One has R1 -,F$ and one has evidence for the approximate validity of factori- 

satio" . 

.I 

Ihe slopes. b of the exponential t-distributions are approximately 

b - 10 for elastic scattering, b - 6’ for the single diffraction dissociation 

reaction (6.8) and b - 4 for the double dissociation reaction (6.9). 

Within errors there seem to be no energy dependence of the cross sec- 

tions in the ISR range, thus confirming the diffractive nature of these reactions 

6.3.2. The reaction pp +p(nr++) 

Preliminary results on the reaction 

PP +P("rr+) (6.13) 



at small t-values and at & = 53 GeV were reported at the London Conference 

by the CHOV collaboration (74-14). They used the split Field Magwet facility 

in the configuration illustration Fig. 3.3 and sketched in Fig. 5.1. The 

fast trigger required a neutrbn together with two charged tracks in opposite 

directions. Ihe slow trigger then selected events with two and only two 

charged tracks plus the neutron. 

Figure 6.6 shows the "IT+ effective mass distribution for the cases 

I" which the neutron gdes in the same general direction of >e ?i-' (cos BJ < 0) 

and when it goes in the opposite direction (co6 BJ > 0). I" the first case 

the "7: me.66 distribution exhibits a number of peaks corres~nding 'to N* 

resonances; that is the reaction (6.13) proceeds sometime via the chain 

pp +p + N* - 

l- > lr+n 
(6.14) 

For cos eJ > 0 the resonance signal is much weaker. The t-dependence for 

the cross sections of reactions of the type (6.14) is sh& in Fig. 6.7 for 

different N* mass regions. The distributions exhibit a change in slope 

*t ltl z 0.3. (cev/c)2. me data for ItI < 0.2.(GeV/c)2 (< 0.~4 ,for the 

higher N* masses) were fitted to exponential functions. From the fits and 

fran i"&tlon of Fig. 6.7 o,, concludes: 

:. (i). The,,sl,o~,o~~the t-dis~rib~tion 1,s r+p;$ly decreasing wi+.increasing 

N* mass; t&is confirms the restilts dis&ssed in the previous paragraph. 

(II) At fixed N* 1~488, the elope increeses with 6, at approximately the 

same rate as in elastic &att.ering. !Thus shrinking seems to be 8 

.Ijae"ome"on shared by elastic and inelastic diffraction scattering. 

&e integtition of t,he'aIlgular distribution yields a dross section 

which decreases as 6 -0.4LO.l vhe" s goes from s = 50 to s=3omGe?. 
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7. PRCCFSSES AT IAXE pt 

Processes involving the production of particles at large transverse 

momenta have been reviewed at this syinposium by J. Cronin. In the following 

we shall only summarize some of the main features observed at the ISR. 

Large pt-phenomena have always been associated with small distances and 

experiments on large pt-phenomena are supposed to probe the inner substructure 

of the nucleon. In this picture the exponential fall off in pt for 

pt < 1 GeV/c corresponds to the extended structure of the proton acting 

globally as a coherent source. Instead the pt-dependence at larger transverse 

momenta would arise from more localized sowces inside the proton. Me*sureme*ts 

performed until now have shown that the x-dependence and the s-dependence of 

the invariant cross sections for the inclusive production of large pt events 

are smooth functions, which join smoothly to the cross sections at smaller 

transverse momenta. 'Ibus no new.phenomena (or new spatial regions) are easily 

revealed by inspection of the graphs. Further interpretations require the 

use of specific models. At present one may interpret the data in terms of 

constituents models (like prton-parton scattering), but this interpretation 

is not compulsoIy. Other, more conventional models, which for instance in- 

terpret the large pt events as arising from the decay of heavy objects, 

like fireballs, are still tenable. It is hoped that correlation experiments 

may shed new light on these phenomena, but one has to be careful to properly 

interpret the kinematics effects. 

Table 7.1 gives a list and some of the parameters of the experiments 

on large pt-phenomena presented at the 1974 London Conference by groups working 

at the ISR. 

Figure 5.lb gives a sketch of the correlation experiments listed in 

Table 7.1. 
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7.1. Single Inclusive Reactions 

A compilation of pion production data at large pt is given in Fig. 

7.1. me dominant feature at large pt is the deviation from the exponential 

dependence observed at smaller transverse momenta. The pt-dependence observed 

at large pt at the ISR for the production of 9 was parametrized with a 

formula suggested by many models. 

where A . 2 1 5 x 1O-26 cm2 GevNm2 m-l 

(7.1) 

B - 26.12 0.5; N = 8.24 2 0.05 

The energy dependence of the invariant cross sections at fixed values 

of Pt is schematically shown in Fig. 7.3. The ewes are quite similar to 

those of Fig. 4.6, which involve Intermediate pt values. mis may suggest 

a conunon origin for the large -pt and small -pt events as discussed at 

the beginning of this section: the lack of events at large-pt end small energies 

would be connected with a kind of t.hres$old effect. 

From the graphs of Fig. 7.2 one can UC& extrapolations to' s +DD 
.~ 

and obtain the asymptotic, or l+i+g pt : -distrlp+~n, which s~ems,t.o have " 

~pt-deTndence of pi:. 

Zhe British-Scandinavian group has measured particles ratios at Large 

" iti they found that at large pt heavy mass particles (kaons, nucleons and 
. 

&ntinucl&ns) become v&y abundant cOm@rable to piOns. 

:. 

7.2. Correlations Involving Iar?, pt-Particles 

As indicated in Table 7.1 and Fig. 5.lb many experiments have been 

performed in which the equipment was triggered by one particle with B large'pt. 

urge correlation effects, larger than et smeller pt, are observed. 



Eo 
“a * 
I.422 
co& 
z - 
22 
:b m 
&o; 
;~b 
0 

.$,c-; 
22 :*v 
!? III 
4 I3 r( 
%zJ 
.g G 
z o 
4 R 
-3 ” . 
-22 



4a. 
: ti 5 

3 
8[ ’ ’ * ’ ’ ’ ’ ,’ ‘~ ‘, y ,‘~ ~, I. I ’ ‘z 

or! ;: 2 
i? Y 

$. ., 
d x: -o - i? -. .I, a 

~.,j J 1 ,\y&iJ ~~~~~ ; 

------me-- m 82 
x 

2 gg?i< ~~ 1 \ \ \.--‘---._._::_I:__r 1” 6 ~ ~ ~ 
I I I a 1-1 ” 1’ ” ’ 

on s s * 
t& g b ‘0 p $ 3 - w !j&. o;- 

- - r-: 
~zplwz~a$P~-w 3 



The Pisa-Stony Brook (74-16) and the ACAM (74-19) collaborations 

triggered their equipments, which detect charged particles, with r"'s of 

Large transverse momenta.. Figure 7.3 shows the pseudorapidity distributions 

of the multiplicity of charged particles associated with the large pt neutral 

pion, normalized t6 the multiplicities ofloverpt-events. There is a broad 

correlation in rapidity, which is particularly prominent when the r" has a 

larger Pt and when the charged particles .?.re emitted on the opposite side 

of the lr". By integration of the curves, one observes that~ the charged 

multiplicity increases with the pt of the TO (Fig. 7.4). 
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There are also correlaticns in azimuth, with an enhancement of fq = 180". 

This is particularly evident when the pt of the IT' 1s large, as shown by 

Fig. 7.5 (CCR collaboration, 74-22). The CCR collaboration has also done 

lr" - tp correlations at 90' further confirming this result (the CorrelatiOn 

is stronger wheq‘both IT'*S have a large p,). 

5e CCRT collaboration using the magnetic spectrometers of the Saclay 

group and the lead gLass arrays of the CCR group found a surprising result 

(Fig./7.6): the correlation between a TO with pt > 3 GeV/c and charged 

particles of various transverse momenta is strong, it increases vith the pt 

of the charge particles, but is independent of the azimuthal angle crp (it 

is the same on the same side or opposite side of the in') (74-11). 

8. PARTICLE SEARCHFS 

A number of searches for new particles have been performed or will be 

performed at the ISR. Compared to conventional accelerators the ISR offers 

the advantage of higher c.m. energies, thus allowing searches to larger masses. 

But the ISR has the disadva,ntage of having B luminosity several orders of 

magnitude smaller than for conventional accelerators; thus the limits in cross 

sections are much worse then at other accelerators. 

8.1. magnetic Monopoles 

Searches for free magnetic monopoles are based on the hypothesis of 

large magnetic charges, according to the Mrac relation: 

Y=n =e=- 2 (n 'l,?, . ..) (8.1) 

Fielativistic monopoles~'should ionize 470Gn2 timks 'the ionizstion of minimum "' 

ioni7.ing particles. ,,, '.. ~. 

Three types of monopole searches have been performed until now at the 

ISR. The Bologna-Rome collaboretion used @istic detectors to detect the nono- 

poles directly after this production in pp collisions. For this purpose the 



11 intersecting region was surrounded with stacks of nitrocellulose and 

makrofol-E sheets, covering about one-fourth of 4~ and 20' < 0 < 90". 

Nitrocellulose sheets are sensitive to particles which ionize more than 0.8 

Gev g .m2, 
-1 while the threshold for makrofol-E is 3.5 GeV g -1 ,m2. BE!CSLUSe 

i 
of these high threshold values, plastic detectors may be used in 8 large back- 

ground of minimum ionizing particles, the background limit being given by 

nuclear frawnents of 2 = 2. In the developed plates these fra@r,ents yield a 

general background which shows up 8s randomly oriented tracks at the surfaces. 

Consequently an area scan of the sheets, at their centers, has almost no back- 

ground. The present preliminary upper limit is 3 X 10 -36 aa2 (2 st. dev.) for 

monopoles vith 0.5 < n < 3 and mass < 24 GeV (74-28). 

The Bologna-Fermilab collaboration has made an indirect search, trying 

to detect magnetic monopoles trapped in th6 I5 vaculpn chamber and in other 

materials (74-29). Pieces of the vacuum chamber we.re placed in front of a 

superconducting solenoid: magnetic monopoles should have been extracted, 

accelerated to several GeV and detected by a number of thin scintillation 

counters. Other pieces of the I5 vacuum chambers were sent~to Berkeley: they 

will be mechanically circulated in a superconducting solenoid where a monopole 

should appear as an induction transient. 

The upper limits for mcnopole production will be improved in the near 

' f&.r&, b&it will be difficult'~to go much'beioi.10 
~36~~2~' 

Monopoles ere also being searched foras multigamn&events, by the 

Bxookhaven-Gnnnma n-Rome coll2.boration. 

. 

0.2. &uarks 
,. 

Searches for free quark.4 are based on the h&thesis that they ionize 

,119 or 4/9 of minimum ionizing prticles. mriy Se8rChSS YST~ de by~the 

CERN-Munich (72-8) and by the British-Scandinavian (73-11) collaboratiofis using 

telescopes of scintillation counters, proportional chambers‘and Cerenkov 

counters. NO quarks were found in zbout 10' observed particles. ThU* the 



upper limit cross sections f3r n < 24 GeV are of the order of 2 X 10 -34 cm2 

for a" isotropic quark prcduct$n. 

A new.search for free quarks is being performed by the Bologna-CERJi 

collaboration using the SFM facility; it should lower the cross section by 

one or two orders of magnitude. 

0.3. Direct Lepton production 

Tne CCIFj collaboration (R 105) has looked for the direct production of 

leptons of large transverse momer.tum, us& arrays of lead glass Cerenkov 

counters after magnetic allalysis (74-7). me found that 

direct e-(e+> - o.8 x 1o -4 

lr-(lr’, 

(8.1) 

independent of pt. This result is in agreement with results of similar experi- 

ments at Fermilab. The pt-distribution of the directly produced leptons is 

smooth, the absolute value is larger than what one would have expected on 

the basis of pa-ton models. 

!Be British collaboration (R 204) has searched for direct muofi produc- 

tion, placing a" upper limit of 5 x 10 -36 cm*/,, for !J emitted around 90' 

and with. a pt > 4 +V/c (74-27). ~~,. 

h-4. 'Pmductio" of d 

'he British-Scandinavian colLaboZT.tion has found 8" abundant production 

of. a at large angles (73-11). The +-ratio has increased from - 10 -7 at 

~.3o G&, to - 10 
-6 ' 

at 70 GeV, 2 10 -5 at 300 GeV and 5 X 10 
-4 at ISR'energies. 

Moreover while at lower energies the 2 were produced in p-Nuclei collisions, 

at the ISR they are produced in pp COllisiOns. me pt-dependence of the 

invariant cross section for z production at the ISR SXTL% to be less Steep 



than for 5: thus the slope seems to decrease with increasing mass. mese 

features give problems to varipus mechanisms of production of antinuclei. In 

fact it would seem that the a is produced via a, statistical mechanism which 

does not differ from that of other particles. 

9. CONCLUSIONS 

The experimental results from the CERN-ISR have given an almost complete 

picture of pp interactions at high energies. Let us summarize the main fea- 

tures and some interpretations: 

1. 'Ibe pp total cross section rises approximately as 1"2 s (by about lC$ 

in the ISR range). 

2. The mtio p 'of real to imaginary part of the forward scattering amplitude 

becomes positive above 200 GeV/c.. 

3. Elastic scattering is consistent with a geometrical picture of the nucleon, 

with a kind of a" inner region and a skin. The shrinking of the diffrac- 

tion pattern continues to the highest energies. 

4. Most of the pp interactions lead to inelastic processes, which may be 

broadly classified in diffractive and central processes. The ensemble 

of inelastic events me characterized by a small and almost energy inde,- 

pendent'value of. (p+,) and by logarit+ically rising multiplicities. 

iiiPf&tive pro&s+ re.Wlt in R sizal?. n&nber of &d&d particles, ~'~ 5. 

while cent+81 processes result, on the average, on the production of a 

larger numbr of particles. 

6. Ihe study of large pt-events has "ot yet'a+wed to &ablAh if they 

are interpretable in terms of.constituent models or of more conventional 

models not involving nuclear substructures. 

7. lbere are all sort of correlations, in rapidity, in q, in pt, etc. ~, 

between the final state products. lhis suggests that the production 

process is a complicated one and occqs probably as a two step process: 



first a number of clusters (ar fireballs or N* or other states) are 

produced; then these states decay into the observed particles. If 

clusters occur they probably have masses of 2-2.5 GeV and decay into 

2-k particles. 

8. Some exclusive processes of the diffractive type h&c been observed. 

Their t-distributions exhibit shrinking, which thus seems to be a general 

phenomenon, not only associated with elastic scattering. 

9. No new particle has been observed. 

10. !&em is no model which explains all the observed features; instead each 

model explajns a small amount of data. 

Tne above features indicate that ve are still far away from the asymp- 

totic region, where "all asymptotic the'orems come true." In particular the 

presently established trend of p = Re/Jm indicates that p has become 

positive, it is expected that, as the energy increases, p will reach D. maximum 

and then will decrease towards zero from positive values. It would seem that 

the asymptotic region cannot start before the start of the falling down of p, 

,that. is that the asymptotic region may start only at laboratory momenta of 

.seveml thousand GeV. 

Prese6t and' future experim&ts at the ISR should confirm with mm-e 
, :~~ ,. 

precision the above statements and the interpretations which follow. But it 

may be expected, ir. general, that the new~experiments will look more and qore 

.fgr specific details and will have to be guided by specific models. The experi- 

m&al study of the properties of the asymptotic region may very well have to 

wit for an even higher energy accelerator. 
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